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Is nonstandard interaction a solution to the three neutrino tensions?
Shinya Fukasawa,∗ Monojit Ghosh,† and Osamu Yasuda‡
Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
In this work we present a scenario in which a nonstandard interaction in neutrino propagation can explain the
three major tensions in the neutrino oscillation data at present. These tensions are: (i) a non-zero best-fit value
of the non-standard oscillation parameters in the the global analysis of the solar and KamLAND data which
rules out the standard oscillation scenario at 90% C.L, (ii) the measurement of the non-maximal value of θ23
by NOνA which excludes the maximal mixing at 2.5σ C.L. and (iii) a discrepancy in the θ13 measurement by
T2K which has a tension with the reactor best-fit value of sin2 θ13 = 0.021 at 90% C.L. Our results show that
all these three above mentioned anomalies can be explained if one assumes the existence of the non-standard
interactions in neutrino propagation with θ23 = 45◦ and sin2 θ13 = 0.021 in the case of normal hierarchy. In
our scenario the phase of ǫeτ is zero and the most favorable value of the Dirac CP phase is approximately 255◦.
PACS numbers: 14.60.Pq,14.60.St,26.65.+t
Neutrino oscillation experiments have been successful in
determination of the three mixing angles (θ12, θ13 and θ23)
and the two mass squared differences (∆m221 and ∆m231).
What remains to be studied is the mass hierarchy of neutrinos
(either normal (NH):∆m231 > 0 or inverted (IH):∆m231 < 0),
the precise value of the mixing angle θ23 and the Dirac CP
phase δCP. There are many future experiments planned to de-
termine these unknown quantities. In the mean time, a few
tensions in neutrino experiments have been reported recently.
They are: (i) the tension between the mass squared differences
by the solar and KamLAND data [1] which gives a non-zero
best-fit value of the non standard interaction parameters ǫD
and ǫN . This rules out the standard oscillation scenario at 90%
C.L, (ii) the tension between the T2K and NOνA experiments
regarding the measurement of the mixing angle θ23 [2, 3] and
(iii) the tension in the measurement of the mixing angle θ13 by
the reactor and T2K experiments [4, 5].1 In Table. I we sum-
marize the recent data of T2K and NOνA . According to Ref.
[4], T2K has observed a total of 28 events in the appearance
channel and 120 events in the disappearance channel with a
total POT (protons on target) of 6.6 × 1020 in the neutrino
mode 2. On the other hand NOνA has seen 33 events in the
appearance mode and 78 events in the disappearance mode
with an exposure of 6.05 × 1020 POT in the neutrino mode
[3]. From Table I, the tension between the T2K and NOνA
data are clearly visible. Regarding θ13, T2K does its own fit
and the best-fit value is much higher than reactor best fit which
is sin2 θ13 = 0.021. For θ23, T2K data predicts maximal mix-
ing. On the other hand NOνA uses the reactor best-fit value
for fitting and it excludes maximal mixing for θ23 at 2.5σ C.L.
and gives a best-fit of sin2 θ23 = 0.4.
1 The latest measurement by Daya Bay [5] gives sin2 θ13 = 0.021 and this
lies within 90%CL of the T2K allowed region (See Fig. 31 of Ref. [4]).
Although this may not be called a tension at present, if this trend persists
as the statistics increases, the discrepancy between the mixing angles θ13
by the reactor and T2K experiments should be taken seriously in future.
2 The recent update of the T2K data can be found in Ref. [6]. As the details
of the fit are not available yet we take the latest published results for our
analysis.
In this Letter we look for a scenario which solves all
these three tensions by introducing a flavor-dependent neutral
current Non-Standard Interaction (NSI) in neutrino propaga-
tion [7–11]3. The purpose of our work is not to exhaust the
whole parameter space but to show the existence of a new so-
lution.
The NSI which we discuss here is described by the effective
Lagrangian
LNSIeff = −2
√
2 ǫfPαβGF (ναLγµνβL)
(
fPγ
µfP
)
, (1)
where fP stands for fermions with chirality P and ǫfPαβ is a di-
mensionless constant which is normalized by the Fermi cou-
pling constant GF . In the presence of this NSI, the neutrino
evolution is governed by the Dirac equation:
i
d
dx


νe(x)
νµ(x)
ντ (x)


=
[
Udiag
(
0,
∆m221
2E
,
∆m231
2E
)
U−1 +A
]
νe(x)
νµ(x)
ντ (x)

 , (2)
where
A ≡ A


1 + ǫee ǫeµ ǫeτ
ǫµe ǫµµ ǫµτ
ǫτe ǫτµ ǫττ

 , (3)
A ≡
√
2GFNe, U is the leptonic mixing matrix, ∆m2jk ≡
m2j −m2k, ǫαβ is defined by
ǫαβ ≡
∑
f=e,u,d
Nf
Ne
ǫ
f
αβ . (4)
3 For recent studies of NSI in long-baseline experiments see [12].
2Expt sin2 θ13 NH (IH) sin2 θ23 NH (IH) δCP NH (IH)
T2K 0.0422 (0.0491) 0.524 (0.523) 1.91 (1.01)
NOνA 0.021 0.040 1.49 π
TABLE I. Recent data of T2K and NOνA .
We defined the new NSI parameters as ǫfαβ ≡ ǫfLαβ+ ǫfRαβ since
the matter effect is sensitive only to the coherent scattering
and only to the vector part in the interaction, and Nf (f =
e, u, d) stands for the number densities of fermions f .
To discuss the effect of NSI on solar neutrinos, the 3 ×
3 Hamiltonian in the Dirac equation Eq. (2) is reduced to an
effective 2× 2 Hamiltonian given by
Heff =
∆m221
4E
(
− cos 2θ12 sin 2θ12
sin 2θ12 cos 2θ12
)
+
(
c213A 0
0 0
)
+A
∑
f=e,u,d
Nf
Ne
(
−ǫfD ǫfN
ǫ
f∗
N ǫ
f
D
)
, (5)
where ǫfD and ǫ
f
N are linear combinations of the standard NSI
parameters:
ǫ
f
D = −
c213
2
(
ǫfee − ǫfµµ
)
+
s223 − s213c223
2
(
ǫfττ − ǫfµµ
)
+c13s13Re
[
eiδCP
(
s23ǫ
f
eµ + c23ǫ
f
eτ
)]
− (1 + s213) c23s23Re [ǫfµτ ] (6)
ǫ
f
N = −c13s23ǫfeτ
+c13c23ǫ
f
eµ + s13c23s23e
−iδCP
(
ǫfττ − ǫfµµ
)
+s13e
−iδCP
(
s223ǫ
f
µτ − c223ǫf∗µτ
)
, (7)
and cjk ≡ cos θjk , sjk ≡ sin θjk . In the analysis of Ref. [1],
one particular choice of f = u or f = d was taken at a time
because of the nontrivial composition profile of the Sun, and it
was found that the best fit values are (ǫuD, ǫuN) = (−0.22,−0.30)
(f = u) or (ǫdD, ǫdN ) = (−0.12,−0.16) (f = d) from the solar
neutrino and KamLAND data only, (ǫuD, ǫuN) = (−0.140,−0.030)
(f = u) or (ǫdD, ǫdN) = (−0.145,−0.036) (f = d) from the
global analysis of the neutrino oscillation data.
In this work we look for a scenario with NSI which gives a
good fit to the solar and KamLAND data, the NOνA data and
the T2K data. For our analysis we use the GLoBES [13] and
MonteCUBES [14] softwares. For our fit we will assume that
the mixing angle θ23 in vacuum is maximal, i.e., θ23 = 45◦ 4
and the mixing angle θ13 in vacuum is given by the reactor
data, i.e., sin2 θ13 = 0.021. We will do our analysis in the
(ǫfD, ǫ
f
N ) plane and for this we need to express ǫαβ as a func-
tion of (ǫfD, ǫ
f
N). So we proceed in the following way. As can
4 A similar attempt was made in Ref. [15] to use NSI to reconcile the differ-
ent values of θ23 for the neutrino and antineutrino modes.
be seen from the definition of ǫαβ , the neutrino oscillation ex-
periments on the Earth are sensitive only to the sum of ǫfαβ .
However, since the analysis of solar neutrinos was done either
for f = u or f = d only, we also analyze the long baseline
experiments assuming the same condition. Since the number
of neutrons and that of electron is approximately equal in the
Earth, if we turn on NSI for f = u only or f = d only, then
from Eq. (4) we get
ǫαβ = 3ǫ
f
αβ . (8)
As we can see from Eqs. (6) and (7), the mapping ǫfαβ →
(ǫfD, ǫ
f
N ) is not one to one, and in general it is difficult to ob-
tain the possible region for the ǫαβ parameters analytically.
Here, instead of exhausting all the possible regions for ǫαβ ,
we postulate the following:
ǫ
f
D = −
c213
2
(
ǫfee − ǫfµµ
)
+
s223 − s213c223
2
(
ǫfττ − ǫfµµ
) (9)
0 = c13s13Re
[
eiδCP
(
s23ǫ
f
eµ + c23ǫ
f
eτ
)]
− (1 + s213) c23s23Re [ǫfµτ ] (10)
ǫ
f
N = −c13s23ǫfeτ (11)
0 = c13c23ǫ
f
eµ + s13c23s23e
−iδCP
(
ǫfττ − ǫfµµ
)
+s13e
−iδCP
(
s223ǫ
f
µτ − c223ǫf∗µτ
)
, (12)
Furthermore, for simplicity, we postulate Im (s223ǫfµτ−c223ǫf∗µτ )
= 0, which implies that ǫfµτ is a real parameter in the case of
θ23 = 45
◦
, and following the bound from the high energy
atmospheric neutrino data, we take [16, 17]
ǫττ =
|ǫeτ |2
1 + ǫee
. (13)
Another constraint comes from the atmospheric neutrino data,
and the following must be satisfied: [18]∣∣∣∣ ǫeτ1 + ǫee
∣∣∣∣ . 0.8 at 2.5σCL . (14)
Finally, we put ǫµµ = 0 because we can always redefine ǫee−
ǫµµ → ǫee and ǫττ − ǫµµ → ǫττ . From these assumptions
and Eqs. (8), (9), (10), (11), (12), (13) and (14), after putting
θ23 = 45
◦
, we get the following expressions:
ǫeτ = −3
√
2
c13
ǫ
f
N (15)
ǫee = − 3
c2
13
ǫ
f
D −
1
2
+
{(
3
c2
13
ǫ
f
D −
1
2
)2
+
1
c2
13
∣∣∣3ǫfN ∣∣∣2
}1/2
(16)
ǫeµ = − s13√
2 c13
e−iδCP
|ǫeτ |2
1 + ǫee
(17)
ǫµτ =
√
2
1 + s2
13
c13s13Re
[
eiδCP (ǫeµ + ǫeτ )
] (18)
Note that in all the best fit solutions from the solar+KamLAND
analysis, both ǫfD and ǫ
f
N have a phase (−1), so in the present
3 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  60  120  180  240  300  360
NH
∆χ
2
δCP
T2K+NOνA
Global-d
Global-u
Solar-d
Solar u
Standard
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  60  120  180  240  300  360
IH
∆χ
2
δCP
T2K+NOνA
Global-d
Global-u
Solar-d
Solar u
Standard
FIG. 1. The significance of the four best-fit solutions of the solar+KamLAND data (or the global analysis including the solar+KamLAND
data; for f = u or f = d) for the combined fit to the T2K and NOνA data for NH (left panel) and IH (right panel). The black solid curve
corresponds to the standard case with θ23 = 45◦ and sin2 θ13 = 0.021 without NSI.
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FIG. 2. Allowed region in the ǫD - ǫN plane. The best-fit points for
NOνA and T2K are represented by the purple and red dot respec-
tively.
ansatz we have arg(ǫeτ )=0 from Eq. (15), and arg(ǫeµ) = π −
δCP from Eq. (17).
Although our ansatz gives us only a special solution to Eqs. (6)
and (7), it covers some of the whole solution space in the fol-
lowing way. We have verified that the appearance probability
P (νµ → νe) for NOνA and T2K is not very sensitive to the
small parameters ǫeµ and ǫµτ . So even if we vary the ǫαβ in
general, the behavior of the fit is not expected to be very much
different from what is obtained by our ansatz.
Thus we obtained the values for the ǫαβ parameters which
depend on one free parameter δCP. As we mentioned earlier
there are four best-fit points (ǫsol) for the solar data. For our fit
we calculated the χ2 at each solar best-fit point for T2K and
NOνA assuming θfit23 = 45◦ and sin2 θfit13 = 0.021 using the
following formula:
χ2(δCP) ≡
∑
j
1
Ndataj
[
N thj (ǫ
sol, θfit23, θ
fit
13)−Ndataj
]2
, (19)
where for ‘data’ we take the numbers as given in Table. I. In
the analysis, we introduce the prior for ǫeµ and ǫµτ :
χ2prior = 2.7
( |ǫeµ|
0.15
)2
+ 2.7
( |ǫµτ |
0.15
)2
, (20)
where the bound for each parameter at 90%CL was taken from
Ref. [19]. In the combined analysis, we evaluate the total χ2
given by
χ2 = χ2nova + χ
2
T2K + χ
2
solar+KL + χ
2
prior (21)
for all the values of δCP and plot in Fig. 1 for both the hier-
archies. In Eq.˙(21) we approximated χ2solar+KL as χ2solar+KL ≃
χ2(ǫD)+χ
2(ǫN ), where χ2(ǫD) and χ2(ǫN ) are χ2 obtained
from the solar+KamLAND data in Ref. [1]. Obviously for the
solar+KamLAND best-fit points, χ2solar+KL = 0, while for the
global best-fit points, χ2solar+KL = 0.1. The latter was esti-
mated from the Figure.2 of Ref. [1]. To estimate the goodness
of fit, we compare our χ2 with χ2 std, i.e., the standard case.
By χ2 std we mean the value of χ2 at (θfit23, θfit13) without NSI.
Here the χ2 std for solar+KamLAND is 3.8 (4.4) for f = u
(f = d), which is estimated by the approximation mentioned
earlier. In our analysis we take the value χ2 stdsolar+KL = 3.8 for
conservative estimation. On the other hand, the χ2 std of T2K
and NOνA depend on δCP. For the standard case, therefore,
we have χ2 stdnova + χ2 stdT2K + 3.8.
From Fig. 1 we see the following. For NH the two curves
(solid-purple and dashed-blue) which correspond to the best-
fit points of the global analysis of the solar data lie below the
standard curve (solid-black) for all the values of δCP. This
4ǫee ǫeτ ǫττ |ǫeµ| ǫµτ
0.84885 0.12863 0.008950 0.00092689 -0.0067963
TABLE II. Values of ǫαβ corresponding to global-u best fit point of
the solar data (ǫD = −0.14, ǫN = −0.03) at δCP = 255◦.
implies that a nonstandard interaction at the solar best-fit point
gives a better fit as compared to the standard case. Thus we
found a new solution (the best-fit point of the global analysis
of the solar+kamLAND data) with NSI which solves all the
three neutrino tensions. Whereas in IH, a scenario with NSI
in any region of δCP does not give χ2 which is smaller than the
minimum χ2 in the standard case. From the plot we also see
that in the case of NH, δCP ≃ 255◦ is the most preferred value
of δCP which gives the best fit with NSI. In Table II we give
the values for ǫαβ corresponding to the global-u best-fit point
of the solar data at δCP = 255◦. For our information, in Fig.
2 we give the allowed region in the (ǫD, ǫN ) plane for NOνA
and T2K at δCP = 255◦ in the case of NH. As mentioned
earlier, since ǫfN (ǫeµ) has a phase (−1) (0) in all the best-fit
solutions from the solar+KamLAND analysis, we performed
our analysis only for ǫfN < 0. For the solar+KamLAND we
give just the best-fit points. From these plots we identify the
allowed region which is consistent with all the three anomalies
under discussion. For NH we see that the global best-fit of the
solar data is consistent with the NOνA and T2K data within
2σ confidence regions.
In summary we found a scenario which explains the tension
of the mass squared differences of the solar and KamLAND
data, the one of mixing angles θ23 of the T2K and NOνA data,
and the discrepancy of θ13 of the reactor and T2K data. In our
analysis we found that the goodness of fit for the NSI sce-
nario is better for all the values of δCP in NH as compared to
the standard case and that δCP ≃ 255◦ give a bet-fit among
others. For IH the NSI does not give a better fit. In this sce-
nario, the three tensions give a constraint on the phase of ǫeτ
as zero and the most favorable value of the Dirac CP phase is
≃ 255◦. To be conclusive, we need more statistics of the T2K
and NOνA experiments. If the best fit values for θ23 at both
the T2K and NOνA experiments or the best fit values for θ13
of the reactor and T2K data remain the same as the statistics
increases, then the present scenario with NSI will give a better
fit to the data. It should be pointed out that the solar neutrino
observation at the Hyperkamokande experiment is expected to
test the tension between the solar and KamLAND data by the
day night effect [20], and also that the atmospheric neutrino
observation at the Hyperkamokande experiment is expected
to test this NSI scenario by the matter effect in the multi-GeV
energy range. [21]
Towards the completion of this work, we became aware of
Ref. [22], which discussed part of the ideas in our paper from
a different point of view.
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